in agricultural fields between opposing slopes where topography causes runoff to collect and concentrate, as opposed to rills that forni on hillslopes (Poesen et al. 2003 : Foster 2005 . Ephemeral gullies are physically larger than rills yet are easily crossed by tillage equipment. Ephemeral gully erosion can cause severe soil degradation and contribute significantly to total soil losses in agricultural areas. Estimates for the percentage of total soil loss from agricultural watersheds due to ephemeral gullies range from 20% to 100% (Bennett et al. 2000; Dc Santistehan et al. 2006) . Crops planted where ephemeral gullies form are either washed out by scour or submerged by sediment (Woodward 1999; Nachtergaele et al. 2002a ). Ephemeral gully erosion now is recognized as a significant. if not dominant, source of sediment from agricultural lands worldwide (Bennett et al. 2000; Poesen et al. 2003 , Dc Santisteban et al. 2006 .
Ephemeral gullies are typically ploughed in and tilled across annually or more frequently, thus restoring the original swalc and allowing erosion processes to become reactivated. (Nachtergaele et al. 2002a ; Poesen et al. 2003) . The severity of ephenieral gully erosion is often masked due to routine fillings during firm operations, which effectively reduce topsoil thickness over an area niuch wider than the gully itself (Woodward 1999; Foster 20(5) . Mechanized tillage redistributes soil from convex areas to swales in amounts that may exceed soil losses due to water erosion ( Van Oost et al. 2006 ). This process repeatedly re-supplies concentrated flow zones with erodible material, potentially exacerbating the longterm impacts of ephemeral gully erosion on losses of soil material and crop productivity, as topsoil thickness is reduced not only in the location of the gullies themselves. but across entire fields.
The Ephemeral Gully Erosion Model (EGEM) (Woodward 1999) has represented existing knowledge and available technology for such erosion processes, yet the scientific basis of EGEM still is in need of further development and refinement (Garen et al. 1999 . Nachtergaele et al. 2001a Capra et al. 2005 ). Gordon et al. (2007) have extended the basic theoretical framework of EGEM by refining existing components, incorporating new coniponents, and adapting the model to operate within the USDA Annualized Agricultural Non-Point Source (An)AGNPS) model (Bmgner et al. 2003 ). This new ephemeral gully model 5mb-kites the development of ephemeral gullies through incision and headeut migration in spatially varied and unsteady flows, while addressing sediment transport and deposition, gully widening, and gully reactivation due to subsequent runoff events.
Models of ephemeral gully erosion such as EGEM. the Chemicals, Runoff, and Erosion fi-oin Agricultural Management Systems model (USDA Agricultural Research Service 198(I) , and now AnnAGNPS represent agricultural soils as having vertical stratification in soil erodibilit That is, the depth of an ephenieral gully channel is limited to the tillage depth or depth to a less erodible Liver cc .. tiacipmn. Once ev.o: iitci to tlii depth Modeling long-term soil losses on agricultural fields due to ephemeral gully erosion L.M. Gordon, S.J. Bennett, U. Alonso, and R,L. Bingner Abstract: It is now recognized worldwide that soil erosion oil fields due to ephemeral gullies may he greater than those losses attributed to sheet and nil erosion processes. Yet it is not known whether the common practice of repairing or obliterating these gullies during annual tillage activities exacerbates or mitigates soil losses over long time periods. Here, a numerical model is used to demonstrate the potential effects of annual tillage on cumulative soil losses from four geographic regions plagued by ephemeral gullies as compared to no-till conditions where the gullies are free to grow and evolve over time and space. Historical precipitation data and field measurements were compiled for specific sites in Belgium, Mississippi. Iowa, and Georgia, and the model simulated ephemeral gully development and evolution during the growing seasons over a continuous 10-year period. When fields are not tilled annually, the simulations suggest that gullies attain their maximum dimensions during the first few years in response to several relatively large runoff events. During subsequent runoff events, the gullies no longer erode their channels significantly, and soil losses due to gully erosion decrease markedly. When agricultural fields are tilled annually, the ephemeral gully channels are reactivated, thus causing significant soil losses each year in response to runoff events. Over the 10-year simulation, the modeling results suggest that erosion rates in these four geographic regions can be 250% to 450% greater when gullies are tilled and reactivated annually as opposed to the no-till condition. These results reveal that routine filling of ephemeral gully channels during tillage practices may result in markedly higher rates of soil loss as compared to allowing these gullies to persist on the landscape, demonstrating a further advantage of adopting no-nil management practices.
(through incision and headcut developiiien and migration), channel widening by sidewall erosion dominates and erosion decreases (Woodward 1999; Foster 2005) . In fact, if flow continues for a sufficiently long period of time, during a single event or over multiple events, ephemeral gully erosion may cease without additional tillage (Lane et al. 1992; Nachtergaele et al. 2002c ).
We hypothesize that by routinely adding topsoil to areas susceptible to concentrated runoff, via tillage activities and repair of ephemeral gullies, soil losses will he significantly greater over long time periods as compared to allowing the ephemeral gullies to develop and then stabilize in size on the landscape. We envision the gullies dissecting the hillslope in response to erosive runoff events, continuing to grow only if larger magnitude runoff events continue to occur. If these larger-magnitude runoff events do not occur, then the gullies become static (nuneroding) features on the landscape. Such a scenario would have a marked impact on the management of soil resources and agricultural land management. especially in the context of no-till practices. However, no such data or study exists to substantiate or refute this hypothesis. Therefore, the overall goal of this research program is to use a recently developed ephemeral gully erosion model to assess this hypothesis. Here, historical precipitation data, combined with on-site field observations, are used to simulate longterni ephemeral gully growth, development, and evolution in four different environments plagued by these erosion processes. For each individual study site, ephemeral gully dimensions and erosion rates are simulated using the same hydrologic input but for two management scenarios: (1) annual tillage, where the previous growing season gullies are obliterated, and (2) no annual tillage, where the previous growing season gullies persist on the landscape. Thus the model simulations will he used to demonstrate the effect of management on cumulative soil losses due to ephemeral gull y erosion over relatively long time periods.
Materials and Methods
Model Formulation. The ephemeral gully model used in this study was developed specifically asacomponent oftheAnnAG N PS model (Bingner et al. 2003) , thus its theoretical and computational framework reflect those therein. Within AnriAGNPS, the watershed is divided into cells that have uniform slope, soil type, land use, and land management. The ephemeral gully component is used to predict gully diniensions, lengths. and soil losses within spatially varied, unsteady runoff events and to documerit the tune evolution of ephemeral gullies and soil losses over multiple storms. Ephemeral gully erosion is modeled using three primary components: (1) hydrology: (2) gully incision and headcut migration; and (3) sediment erosion, transport, and deposition.
The erosion process can he conceptually presented as follows (see Gordon et al. 20(17) . For a given runoff event, a hydrograph is constructed at the outlet of a cell, and the flow rate at a given location within the cell is proportional to the upstream drainage area. Once the flow rate at the mouth of the cell exceeds the erosion threshold of the soil, incision is initiated in the form of a headcut. This headeut first scours down to the tillage depth, an erosion-resistant layer, and then the headcut migrates upstream at a rate proportional to the concentrated flow rate. The distance the headcut travels defines the ephemeral gully length. The width of the gully downstream of the headcut and the rate of sediment transport along the gully also are proportional to flow rate. Since flow is unsteady arid spatially varied, the headcut migration rate, gully width, and rates of sediment entrainment, transport, and deposition vary accordingly in time and space. Erosion processes cease at any given location once the local flow rate drops below the threshold for soil erosion via headcut migration or expansion of the gully width. Following the runoff event, the cell flay he re-tilled, thus obliterating the developed gully and reactivating the initial erosion processes at the cell outlet. If tillage does not occur, the physical characteristics of the existing gully are carried forward in time until another runoff event occurs, which may or ma y not modify the gully. The main components of the model are presented briefly below.
The calculation of ephemeral gully erosion requires the peak discharge and total runoff volume for each simulated storm so that an event hydrograph can be constructed. These parameters may be user-supplied or calculated based on TR-55 methods (USDA Soil Conservation Service [SCSI 1986 ) using drainage area, rainfall, curve number, and storm type. Given the event peak discharge at the mouth of the gull y (Q, ni s ) and runoff volunie (I , iii I), a triangular hydrograph is constructed. At the gully mouth, this hydrograph has a time to base (t, s) as follows:
2l, and a time to peak t (s) as follows:
As the headeut migrates upstream (see below), the contributing drainage area decreases, so the discharge at the gully head also decreases. A maximum ephemeral gully length (L , , in) for a given drainage area (A 1 , ha) can he defined based on Leopold et al. (1964) :
The proportion of the drainage area (A) contributing to discharge at the gully head is defined as follows:
where ] represents the upstreamlocation of the migrating gully within the cell. Flow is concentrated at the outlet of the cell. At this location, ephemeral gully width ii' is determined using the empirical relationship developed by Nachtergaele et al. (2002c) based on discharge Q (ni s') and
The mean depth (d, in) and velocity (v, in s') of the concentrated flow are determined using Manning's equation defined as follows:
where ii is Ivlanning's roughness coefficient and S is bed slope. Since both depth d and velocity V are unknowns, equation 6 is solved iteratively and constrained by flow continuity (Q u'di') . Mean boundary hcar stress (r, N ii .2) is defined as follow,:
where p is density of water (kg rn ) and ,Q is gravitational acceleration (in s 2).
Once boundary shear stress () exceeds the critical shear stress for the soil (t), -,I relatively small length of the ephemeral gully channel is incised until the tillage depth is reached, thus creating a scour hole at the gully mouth. The detachment capacity ( DC, g m 2 S ') of the flow is defined as follows:
where k, (g N-' s) is the soil's erodibility coefficient (Foster et al. 1982) . For each tune step ; (s) the depth of erosion DI-2 (Ili) is calculated as follows:
where ö is the soil bulk density (Mg iii 3).
Once channel incision reaches the tillage depth, a headeut forms at the step-change between the original soil level and the tillage depth, and mn overfill now exists at the hrinkpoint position. Equations to describe the hrinkpoint condition and soil erosion by headcut migration were developed by Alonso et al. (2002) and are employed here to determine the rate of lieadcut migration, and thus the length of ephemeral gully L. Headcut lnigratioii rate (11, Ili s) is determined as follows: (10) where 1/ 1 ' the jet entry velocity (In s'), the parameter p (dimensionless) is a function of material properties and jet entr y angle, q is unit discharge (111 2 s 1), So is the scour depth (assumed eclual to the tillage depth: in), and 6 is vertical distance froni the brink to the pool surface (Ili). Detailed definitions of the variables in equation 10 are described iii Alonso et al. (2002) .
The adjustments in flow discharge over time and space are monitored with each successive runoff event. Flow associated with a specific event must be routed through the entire length of the ephemeral gully. The original soil material is composed of up to five particle-size classes P . (sand, silt, clay. and small and large aggregates). During a given timestep, there are three possible sources of sediment available for transport within a gully section: (I) incomin g sediment from upstream sections; (2) internal sediment due to headcut migration and/or channel widening within the gully section: and (3) previously deposited sediment that resides oil bed within the gull y section. If C represents sediment concentration (Mg), then accounting for volume, density, and sediment availability, the mass coinervation of each particle-class size leaving a gully section during an y tune step is given is follows:
(11) ri where the ternis oil right side of equation 11 are sediment entering from upstream C, sediment erosioin within the channel section. where An.' and AL refer to the changes in gully width and length during the time step, and the change in sediment storage on the bed, where D, (iii) and , (Mg in are the thickness and hulk density of the sediment deposit in a gully section, respectively, and n is the number of time steps during which headeut migration is occurring.
The algorithms used in AnmmAGNPS to calculate sediment transport capacity for each particle-class size have been adapted here (l3ingner and Theurer 2002). If the amount of available sediment is less than the sediment transport capacity for a given time step, then all available sediment will be moved to the next downstream section, where It is again compared to that section's transport capacity. This process is repeated until the gully mouth is reached. Should transport capacity he exceeded for a particular particle-class size, the excess amount is deposited in a uniformly thick layer oil channel bed within that particular gully section, and possibly reentrained during subsequent time steps. If in a given time step the available sediment is less than the transport capacity, then previously deposited sediment will he entrained and eroded until transport capacity is satisfied. Additional components of the gully erosion model, as well as general applications, are presented by Gordon . et al. (2007) . Study Sites. Comprehensive datasets for ephemeral gully erosion containing incasured input data, including measured soil erodihility factors, currently are not available.
A literature review was conducted to determine: (1) locations where ephemeral gully erosion has been reported to contribute significantly to total soil losses (see Bennett et al. 2000; Poesen et :ml. 2003 It is noted that the gully erosion processes occurring at each site, as well as their management histories, are complex in nature and time and space dependent. It is noted that: (1) gully erosion processes may be more pronounced during the winter mouths versus the summer growing season (Nachtcrgaele et al. 201 (2c) ; (2) ephemeral gullies may occur in fields larger than 5 ha (12.3(1 a(-) (Bennett et al. 2000) ; and (3) the crodibiliry indices for the soils may vary over time and space (Knapen et al. 2007a . Moreover, over a 10-year period, management and agricultural practices could vary, resultin g in potential changes to model input parameters. These processes and complexities are ignored in the current modeling demonstration.
Hydrology. For each study location, a weather station was selected where each soil of interest was known to exist and where uninterrupted daily rainfall amounts were available for sunimimer growing seasons (May I to September 30) over a 1 ((-year period (1992 to 20(11). Storms spanning two or more days are considered separate events because the temporal resolution of the rainfall data is the calendar day. Using these rainfall data, daily hydrographs were constructed using USDA SCS (1986) methods for the given soil condition, storm type, and topography (slope) at each location (table ]) .The ephemeral gully model was initially applied to a range of hydrograph magnitudes using input conditions at each study location to determine the critical 24-hour rainfall amount needed for concentrated flow erosion to occur (table 2) .
Tablei
Input data sets for the four study Locations. Knapen et al. 2007a ; (2) Simulations indicated that 24-hour rainfall amounts below this critical value would not produce overland flow sufficient to exceed the erosion threshold of that particular soil. Only those rainfall events exceeding the critical rainfall ainoutit are included here.
Soil Properties. Models of ephemeral gully erosion are sensitive to parameters representing soil erodibility (Nachtergaele et al. 2001a al. , 2001b al. , Capra et al. 2005 , and measured values for these parameters exist only for a limited number of soils and a limited range of environmental conditions. Knapen et al. (21107b) provided a review on soil erodibihty by concentrated flows, focusing primarily on k and t. In addition to a number of observations, they found the following:
(1) k 1 and t can vary among soils by several orders of magnitude; (2) no statistically significant relationship exists between k 1 and t for all available data; and (3) a multitude of soil properties environmental parameters Are responsible for the large ranges in k 1 and i and their temporal and spatial variation. It is clear that user-defined values of k, and i are superior to any calculated values. As such, for the Belgium site, values of k 1 and t reported by Knapen et al. (2007a) are used, whereas values reported by Laflen et al. (1991) will be used for Mississippi, Iowa, and Georgia (table 1) . It should he noted that values of k f and t are invariant in these simulations, although it is possible to vary these soil erosion indices over time. Simulations. For convemence, the sinlulations performed were limited to five months per year (May I to September I, 153 days), representing an approximate summer growing season. Cell size (5.0 ha) and soil roughness (Manning's u = 0.40) were held constant. in the first scenario, a single tillage event (conventional moldboard plowing to 0.275 in) is simulated at the start of each growing season (May I), which fills any ephemeral gully channel that may have developed during the previous year, and after which erosion begins at the cell outlet. While additional cultivation activities may take place during a given year, such managenient operations are not considered here. Initial plowing using nioidboard equipment can be assumed to be the deepest of all tillage operations and should effectively obliterate any preexisting ephemeral gully channels. Ephemeral gull y dimensions and cumulative erosion and deposition are recorded after each simulated runoff event and the total erosion recorded at the end of each year. in the second scenario, a cell is considered freshly tilled only at the start of the 10-year simulation. At the end of each year, gully dimensions are carried over into the next growing season; i.e.. these gullies are never obliterated by tillage activities.
Uncertainty Analysis. It is important to
quantify uncertainty values for the sniuilatej results. These uncertainties can arise from errors due to nieasuremnent of para meters and the propagation of these errors iii subsequent calculations. Since these results represent hypothetical simulations, the current discussion is restricted to the uncertainties in the prediction of soil loss.
Following A/woo ci al. (2002), let Y be the result of a calculation involving N incasured variables. X1 , X, Xs ... XN . The relation between the experimental uncertainty for these variables denoted at ' ' 2' and the uncertainty interval of the calculated result u 1 can he expressed as follows:
where the partial derivatives are evaluated at the point Y X X 2 . 
Results and Discussion

Factors Influencing Study Site Hydrology.
Because the drainage area and surface roughness are held constant for all simulations, the critical shear stress of the soil and the topography (slope) of each study site are the maui parameters influencing the calculated critical 24-hour rainfall (table 2) , as both SCS curve number and storm type had a mirunial effect. In Belgium, both the critical shear stress of the soil (9.6 N m2 [2.77 X 10 lb ft 2 ]) and the slope of the field (6.9%) are relatively high (table 1) . In effect, a steep slope cancels out the high resistance of the soil, as shear stresses generated during a runoff event increase as slope increases. This is not the case with the Georgia study site, where slopes remain relatively high (4.5%), but the critical shear stress of the soil is relatively low (2.2 N in 2 10.46 >< 10-2 lb ft-2 Gordon et al. 2007 ) in any single year (figures ]a to 3a). Gullies in Belgium. Mississippi. and Iowa reached, on average, 47%, 58%, and 54% of their inaxinium possible length, respectively. In Georgia however, ephemeral gullies extended to their maxumium length almost every year (figure 4a), a result of the relatively high erodibiliry of the soil and the large number of erosive precipitation events.
The average end-of-season width of an ephemeral gully channel depends on the number and magnitude of runoff events occurring in a given year and the magnitude of each runoff event relative to the width of channel eroded during previous storms. Intra-annual average gull y width generally follows either an increasing or decreasing trend (figures lb to 4b). When the largest runoff event occurs early in a growing season (presumably when the gully length is relatively short), average gully width is initially high. Should smaller storms occur later in the season, most of the ephemeral gully channel will he narrow, and at the end of the season average gully width will be reduced. In contrast, when a larger event follows several smaller ones, the entire length of the gully is widened, thus at the end of the season, average gully width is increased. When tilled annually, average ephemeral gully width is highly variable (figures lb to 4b). In Belgium, Mississippi, Iowa, and Georgia, average endof-season ephemeral gully widths were 0.68, 1.21. 1.38. and 0.80 in (2.233.97. 4.53 2a and 3a) . Once the maximum gully length is reached, discharge (a function of the drainage area) at the gully head is so reduced that the gully pinches out lengthwise; any additional erosion is limited to the evacuation of sediment previously deposited on the gully bed and lateral expansion of the gully channel ins downstream reaches.
Ephemeral gully channels that have reached their nsaxmnimum length will only expand (widen) should a runoff event occur that is larger than has been experienced by at least some part of the channel. This is shown in figures lb to 4b, as unfilled ephemeral gully widths may remain unchanged for several years, showing a step increase corresponding to the occurrence of a larger runoff event. In Belgium, Mississippi, Iowa. and Georgia, ephemeral gullies allowed to freely develop over a 10-year simulation had final average widths of 1.32, 2.52, 2.50, and 1.49 in (4.33, 8.27, 8.20, and 4.89 
ft). respectively
Long-Term Erosion Rates. Simulated ephemeral gully erosion rates over the II (-year time period ranged from 5 to 11 Mg ha y (2.23 to 4.91 lb ac' vr) for those fields tilled annually as compared to 2 to 4 Mg ha ' y (0.89 to 1.78 to ac' yr) for those fields left untilled (table 3) .When the gullies are filled or obliterated annually by tillage, the simulated erosion rates are 326%
Figure i
Time evolution of (a) ephemeral gully length (m), (b) ephemeral gully width (m), and (C) cumulative erosion (Mg) for annually tilled and untitled gullies resulting from (d) rainfall events exceeding the critical 24-hour rainfall threshold (table 2) at Louvain-La-Neuve, Belgium.
Gullies tilled annually 400 tZ Untilled gullies Note: Gully dimensions and erosion rates are identical during the first simulation year, and the uncertainty attributed to the rate of soil loss is 44%. Iii I hihil I dl. iliHili
JiliHill 11111 iii Ii . 1992 Ii . 1994 Ii . 1996 Ii . 1998 Ii . 2000 Ii . 2002 Note: Gully dimensions and erosion rates are identical during the first simulation year, and the uncertainty attributed to the rate of soil loss is 44%.
greater on average as compared to those gullies that were left untilled (table 3) . When gullies are filled in or obliterated by tillage, erosion processes are reactivated and erosion potential is maximized, as the entire channel may be eroded again. In this case, cumulative erosion rates continuously increase (figures lc to 4c). In contrast, after several storms, gullies left untilled generally approach a maximum dimension related to the size of the field, the erodibility of the soil material, and the frequency and magnitude of runoff events. Once these dimensions are attained, erosion potential is minimized, the gullies become static features on the landscape, and erosion rates are greatly reduced since cumulative rates of erosion increase only slightly due to gully widening or the removal of previously deposited material. Nachtergaele et al. (2002b) presented field data on the evolution of a gully over a 13-year period formed in loess-derived soils near Leuven, Belgium. They observed the following: (1) the gully was initiated within a relatively short period of time in response to two individual storm events; (2) as the gully extended headward, its length, surface area, and volume followed a negative exponential rate with time (i.e., the gully evolved toward an asymptotic final state); and (3) sediment deposition occurred within the gully, which could become a secondary source of sediment during runoff events. These observations are very consistent with the model simulations presented herein. In Belgium, cumulative erosion rates for the two tillage scenarios diverge after six years of simulation (figure Ic) and for a 10-year period, the untilled gullies conserve 3.1 Mg ha y' (1.38 tn ac yrj of soil material. For the remaining study sites, cumulative erosion amounts diverge after the first year or two (figures 2c to 4c) and over a ill-year period in Mississippi, Iowa, and Georgia, rates of soil conservation under no-till amount to 7.6, 7.7, and 9.0 Mg ha y (3.39, 3.43 , and 4.01 tn ac' yr'), respectively. Gordon et al. (2007) used data collected at the Mississippi site and ran simulations for site 1, erosion cycle 2, which extended from 10/05/83 to 05/03/84. With available Note: Gully dimensions and erosion rates are identical during the first simulation year, and the uncertainty attributed to the rate of soil loss is 44%.
Figure 4
Time evolution of (a) ephemeral gully length (m), (b) ephemeral gully width (m), and (c) cumulative erosion (Mg) for annually tilled and untitled gullies resulting from (d) rainfall events exceeding the critical 24-hour rainfall threshold (table 2) at Columbus, Georgia. Note: Gully dimensions and erosion rates are identical during the first simulation year, and the uncertainty attributed to the rate of soil loss is 44%. data and estimates for various model parameters (i.e., no model adjustment), simulated ephemeral gully cumulative lengths and ,lverage widths compared reasonably well to measured field data, with root-mean-square errors (rn-is) of 31% and 52%, respectively. f he rns is defined as follows: Third, the simulated soil losses for these four regions due to ephemeral gully erosion (table  3) are the san-ic order of magnitude to those reported elsewhere (see Bennett et al. 2000) . Collectively, these observations and results demonstrate that the model used herein can provide reasonable estimates of soil losses due to ephemeral gullies at the cell scale using analytic and empirical formulations coupled with existing AnnAGNPS technology.
Implications for Ephemeral Gully
Management Practices. Model simulations suggest that the majority of ephemeral gully erosion can take place during the first few runoff events following tillage, and with time erosion rates are reduced and may even cease because a more erosive runoff (higher magnitude) event does not occur. Tillage practices fill ephemeral gully channels with erodible material, annually resetting the erosion potential to its maximum. Over the 10-year simulation, those ephemeral gullies that experience repeated cycles of incision and filling can result in markedly higher rates of soil loss than gullies left untitled, as soil is continuously moved into a swale or hollow from adjacent hillslopes.These simulated erosion rates are projected to be 3 to 6 times higher in a range of environments plagued by ephemeral gully development.
The management scenarios simulated here consist only of one tillage operation per year. Management practices may implement several plowing/tillage events during the growing season or between growing seasons, thereby further promoting ephemeral gully erosion processes. Tillage operations not only obliterate the gully channel itself, they also result in a net downslope movement of soil, which in the long-term reduces reduces topsoil thickness over a very large area ( Van Oost et al. 2006) . Soil translocation by tillage moves topsoil froni convex hillslopes into areas where ephemeral gully erosion is maximal, thus accelerating erosion rates. Moreover, tillage erosion is generally assumed to have zero flux across field borders, yet ephemeral gullies often cross several fields, increasing the connectivity of the landscape (Steegen et al. 2000) . Thus in conjunction, tillage-induced erosion and ephemeral gully erosion may he especially destructive. Tillage also increases the erodihility of the topsoil, destroys macroscale soil structure, increases soil organic carbon and nutrient losses, and decreases soil hulk density (Knapen et al. 2007a ; Van Oost et al. 2006) , which may exacerbate ephemeral gully erosion and further degrade soil and water quality indices.
The negative effects of tillage with regard to ephemeral gully erosion further demonstrate the advantages of soil conservation technologies such as no-till planting and installation of best management practices. No-till practices, where feasible, increase the stability of the soil, allow for greater retention of moisture, and promote residue cover that protects the soil from detachment by raindrop impact (Dabney et al. 2004) , and the beneficial hydrologic impacts of no-till agriculture have been shown to increase over time (Meyer et al. 1999 ). Conservation practices typically have been designed for the reduction of sheet and rill erosion, yet installation of best management practices such as grassed waterways in concentrated flow zones have been shown to reduce flow erosivity and induce deposition, thereby preventing erosion of natural drainagewavs by ephemeral gully incision (Fierier and ALierswald 21)03). While there is some initial cost associated with adoption of soil conservation technologies, over the long term these practices are almost always economically viable (Piniental et al. 1995) . By significantly reducing soil, soil organic carbon, and nutrient losses, conservation practices preserve soil fertility and enable the land to sustain higher crop yields. When ephemeral gullies are present, land managers should acknowledge the implications of annually repairing ephemeral gullies during tillage and potentially consider alternate approaches to niitiganng ephemeral gully erosion where 6.asible, ensuring the long-term productivity of their land.
Summary and Conclusions
Ephemeral gullies are persistent tiatures that result in significant soil loss from and degradation of agricultural lands worldwide. It is now recognized that soil losses due to ephemeral gullies may be significantly greater than those losses attributable to sheet arid nil erosion.Yet a common practice amongst the farming community is to plow or till agricultural fields dissected by ephemeral gullies. This tillage redistributes soil from topographically higher positions on the hillslope into the repaired swale. Eventual reactivation of the gully during overland flow events then removes this additional soil material, thus reducing topsoil thickness over the entire tilled portion of the landscape and further exacerbating on-site and off-site degradation of soil and water resources. The unanswered question, therefore, is whether soil losses over long time periods are greater as a result of this annual tillage as compared to adopting a no-till management practice and allowing the gullies to grow, evolve, and eventually become static features on the landscape.
Soil erosion models have proven invaluable tools for demonstrating the potential efficacy of land management schemes arid best management practices. Here, newly developed ephemeral gully modeling technology was used to demonstrate the long-term effects of tillage operations Oil ephemeral gully erosion, while ignoring sheet and rill erosion. When ephemeral gully channels are filled on an annual basis with adjacent topsoil during tillage operations, erosion processes are reactivated and over the long-term, cumulative erosion simulated from these fields increases with time. if these same gullies are left alone, however, the simulated gullies grow and extend in response to storm events, yet they evolve toward a maxinium size and cumulative amounts of erosion reach asymptotic values fairly quickly in time, within a few years. For four regions plagued by ephemeral gullies and based on actual field and hydrologic data, simulated erosion rates for gullies that are tilled on an annual basis were 250% to 450% greater over a 10-year period when compared to erosion rates for gullies that are left untilled.
These results have significant implications for land managers iti areas where ephemeral erosion is pervasive. Because ephemeral gully erosion may constitute the majority of soil losses, their remediation and prevention are extremely important to the protection of soil and water resources. This study suggests that filling ephemeral gullies on an annual basis during tillage operations may be more harmful to soil and water resources than previously realized. These results should provide land managers with additional incentive for adopting soil conservation practices such as 110-till.
